Astrocyte-Mediated Distributed Plasticity at Hypothalamic Glutamate Synapses  by Gordon, Grant R.J. et al.
Neuron
ArticleAstrocyte-Mediated Distributed Plasticity
at Hypothalamic Glutamate Synapses
Grant R.J. Gordon,1,2 Karl J. Iremonger,1 Srinivas Kantevari,3 Graham C.R. Ellis-Davies,3 Brian A. MacVicar,2
and Jaideep S. Bains1,*
1Hotchkiss Brain Institute and Department of Physiology and Pharmacology, University of Calgary, Calgary, AB, Canada
2Brain Research Centre, Department of Psychiatry, University of British Columbia, BC, Canada
3Department of Pharmacology and Physiology, Drexel University College of Medicine, Philadelphia, PA, USA
*Correspondence: jsbains@ucalgary.ca
DOI 10.1016/j.neuron.2009.10.021SUMMARY
Afferent activity can induce fast, feed-forward
changes in synaptic efficacy that are synapse
specific. Using combined electrophysiology, caged
molecule photolysis, and Ca2+ imaging, we describe
a plasticity in which the recruitment of astrocytes in
response to afferent activity causes a fast and
feed-forward, yet distributed increase in the ampli-
tude of quantal synaptic currents at multiple gluta-
mate synapses on magnocellular neurosecretory
cells in the hypothalamic paraventricular nucleus.
The plasticity is largely multiplicative, consistent
with a proportional increase or ‘‘scaling’’ in the
strength of all synapses on the neuron. This effect
requires a metabotropic glutamate receptor-medi-
ated rise in Ca2+ in the astrocyte processes sur-
rounding the neuron and the release of the gliotrans-
mitter ATP, which acts on postsynaptic purinergic
receptors. These data provide evidence for a form
of distributed synaptic plasticity that is feed-forward,
expressed quickly, and mediated by the synaptic
activation of neighboring astrocytes.
INTRODUCTION
Changes in synaptic strength in response to patterned afferent
activity underlie information storage in the nervous system. In
addition to serving as cellular memory substrates, changes in
synaptic strength may also facilitate immediate changes in the
output of a neuron (Abbott and Regehr, 2004). Since these
changes are generally confined to a few active synapses,
however, it is difficult to envisage how they would be sufficient
to appreciably increase and sustain neuronal output. One way
to increase net excitatory drive, yet still maintain the relative
strength across synaptic connections shaped by previous
activity, would be to scale the strength of many or all glutamate
synapses in a proportional or ‘‘multiplicative’’ manner. While
such a mechanism would powerfully alter neuronal output, it is
not clear how the nervous system might accomplish this feat.
Astrocytes are well positioned to sense afferent inputs and
ideally suited to temporally and spatially expand synaptic signalsin order to change the efficacy of many synapses. The close
proximity of astrocyte processes to synapses allows them to
detect synaptically released glutamate, and increase intracel-
lular free Ca2+ in vitro (Fellin et al., 2004; Porter and McCarthy,
1996; Serrano et al., 2006; Zhang et al., 2003) and in vivo (Gobel
et al., 2007; Schummers et al., 2008; Wang et al., 2006). This in
turn can trigger the release of several gliotransmitters (Araque
et al., 2000; Jourdain et al., 2007; Kang et al., 1998; Panatier
et al., 2006; Parpura and Haydon, 2000), including ATP, which
alter synaptic strength (Gordon et al., 2005; Pascual et al.,
2005; Serrano et al., 2006; Zhang et al., 2003). In addition, the
processes from a single astrocyte associate with numerous
synapses (Bushong et al., 2002) which may be broadly distrib-
uted on a single neuron or across multiple neurons (Halassa
et al., 2009). Although astrocytes are ideally positioned to influ-
ence synaptic function (Halassa et al., 2009; Pascual et al.,
2005), their contributions in this regard have recently been
disputed (Fiacco et al., 2007; Petravicz et al., 2008).
We hypothesized that astrocytes sense physiological patterns
of afferent activity and scale glutamate synapses on magnocel-
lular neurosecretory cells (MNCs) in the paraventricular nucleus
of the hypothalamus (PVN) in a feed-forward fashion. MNCs
are an ideal system to test this hypothesis, as astrocyte-derived
ATP enhances postsynaptic efficacy in these cells through acti-
vation of postsynaptic P2X7 receptors (Gordon et al., 2005). In
addition, MNCs have a simple morphology with one or two
dendrites that are smooth and aspiny. Neurons lacking spines
may be particularly amenable to activity-dependent changes in
synaptic efficacy that are not limited to single synapses (Cowan
et al., 1998). Finally, since the astrocyte coverage of synapses
onto MNCs can be reduced by physiological challenges such
as lactation and dehydration (Theodosis and Poulain, 1984;
Tweedle and Hatton, 1977) this provides a unique advantage in
terms of understanding the relationship between astrocytes
and neurons. Under conditions of decreased astrocytic
coverage, both the ability of astrocytes to sense synaptically
released transmitter (Oliet et al., 2001; Piet et al., 2004) and the
ability of gliotransmitters to reach the neuron and thus modulate
synaptic efficacy are compromised (Gordon et al., 2005; Panat-
ier et al., 2006).
Using two-photon microscopy, caged molecule photolysis,
and whole-cell voltage-clamp recordings in an acute hypotha-
lamic brain slice preparation combined with in vivo homeostatic
challenges, we demonstrate that electrical stimulation of afferentNeuron 64, 391–403, November 12, 2009 ª2009 Elsevier Inc. 391
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2000) results in a novel form of plasticity that is distributed across
multiple glutamate synapses. This synaptic scaling is rapid,
multiplicative, and requires the recruitment of mGluRs on astro-
cytes and purinergic receptors onMNCs. These data provide the
first demonstration that astrocytes transduce afferent signals
and act in a feed-forward fashion to increase the strength of
glutamate synapses in a distributed fashion.
RESULTS
To examine whether astrocytes quickly scale glutamate syn-
apses onto MNCs in a distributed fashion, we used two-photon
microscopy to examine Ca2+ signals in multiple astrocytic
compartments and simultaneously obtained whole-cell record-
ings of either spontaneous EPSCs (sEPSCs) or miniature EPSCs
(mEPSCs). The advantage of this strategy is that by examining
changes in the amplitude distributions of sEPSCs or mEPSCs
it is possible to determine whether changes in synaptic efficacy
occur at all synapses or whether these changes are limited to
a subset of synapses (Turrigiano et al., 1998). Under control
recording conditions, sEPSCs and mEPSCs recorded from
MNCs are equivalent; both arise from the activation of postsyn-
aptic AMPA/KA receptors as they are completely blocked by
DNQX (1 mM), and both represent the stochastic release of gluta-
mate-filled vesicles as TTX has no effect on sEPSC frequency or
amplitude (Gordon and Bains, 2003; Inenaga et al., 1998). Here,
we refer to both sEPSC and mEPSCs as ‘‘quantal’’ glutamate
neurotransmission. These currents have a mean amplitude
of 24.9 ± 1.0 pA (n = 64) and an average frequency of 2.74 ±
0.35 Hz (Gordon and Bains, 2003).
Synaptic-Activity-Induced Astrocyte Ca2+ Correlates
with Plasticity
We first examined the effects of patterned synaptic activity on
astrocyte Ca2+ and synaptic efficacy. We mimicked afferent
activity from the subfornical organ (Washburn et al., 2000),
a circumventricular structure that excites MNCs via glutamate
(Latchford and Ferguson, 2004) to modify autonomic function
(Ferguson and Kasting, 1986; Ferguson and Kasting, 1987).
Astrocytes in the PVN were loaded with the Ca2+ indicator
Rhod-2/AM (Mulligan and MacVicar, 2004). MNCs were voltage
clamped at 60 mV and filled with either Fluo-4 (100 mM) or
Calcium Green-1 (50 mM) to visualize the soma and proximal
dendrite. After 10 min of baseline sEPSC recording, glutamate
afferents were stimulated using a protocol of trains of stimuli at
10 Hz for 1 s repeated at 0.2 Hz for 1 to 2 min (Figure 1B). This
elicited large, intermittent increases in Ca2+ signals in the somas
and processes of astrocytes (F/F0 = 139.0% ± 5.3%, n = 12, p =
0.001, Figures 1C–1F). In all experiments in which we measured
an increase in Ca2+ in the astrocyte processes around the
neuronal soma and/or proximal dendrite, we observed a persis-
tent increase in sEPSC amplitude (113.0%± 1.2%, n = 6, Figures
1C, 1E, 1G, 1I, and 1K). By contrast, when astrocyte Ca2+ signals
did not change in the immediate vicinity of the neuron under
study (Figures 1D and 1F), sEPSC amplitude was unaffected
(95.4% ± 1.4%, n = 6, p = 0.001 to experiments with a localized
astrocyte Ca2+ signal, Figures 1H, 1J, and 1L). These data392 Neuron 64, 391–403, November 12, 2009 ª2009 Elsevier Inc.demonstrate that patterned synaptic activity induces astrocyte
Ca2+ signals that, when spatially localized to neuronal structures,
correlate with a long-lasting increase in sEPSC amplitude in that
neuron.
Increases in Astrocyte Ca2+ Require mGluRs
Increases in astrocyte Ca2+ in response to glutamate, both
in vitro and in vivo, require the activation of group I metabotropic
glutamate receptors (mGluRs) (Cornell-Bell et al., 1990; Latour
et al., 2001; Porter and McCarthy, 1995, 1996; Wang et al.,
2006; Zonta et al., 2003). To test the involvement of these recep-
tors in mediating the plasticity and the astrocyte Ca2+ signals
observed in response to synaptic glutamate release, we per-
formed several tests. First, we repeated the afferent stimulation
protocol (10 Hz for 1 s at 0.2 Hz for 1 to 2 min) in the presence of
the group I mGluR antagonist MCPG (100 mM). MCPGprevented
the enhancement in sEPSC amplitude (97.8% ± 1.5%, n = 10,
p = 0.21, Figure 2A) in all experiments conducted (Figure 2B),
and significantly attenuated the astrocyte Ca2+ responses
(F/F0 = 110.1% ± 4.1%, n = 7, p = 0.002 to no MCPG, Figures
2C and 2G). Second, we bath applied the group I/II mGluR
agonist t-ACPD (100 mM); this caused an increase in astrocyte
Ca2+ (F/F0 = 168.4% ± 7.7%, n = 6, p = 0.002, Figures 2D and
2G). Finally, we directly stimulated single astrocytes using two-
photon photolysis of MNI-glutamate (5 mM) directly adjacent
to the soma. This elicited a rapid and pronounced increase in
Rhod-2 fluorescence (F/F0 = 223.0% ± 11.2%, n = 18, p <
0.0001, Figures 2E and 2G). In a subset of these experiments,
uncaging glutamate on the astrocyte again but in the presence
of MCPG failed to increase Ca2+ (F/F0 = 99.0% ± 1.3%, n = 4,
p < 0.0001 versus no MCPG, Figures 2F and 2G). After washout
of MCPG, caged glutamate photolysis resulted in a robust astro-
cyte Ca2+ signal (Figure 2F), suggesting the initial uncaging event
did not hinder subsequent responses. These data demonstrate
that activation of group I mGluRs are necessary for the increase
in quantal synaptic current amplitude and the elevation in intra-
cellular Ca2+ in PVN astrocytes observed in response to synaptic
stimulation or uncaging of MNI-glutamate.
Uncaging Glutamate on an Astrocyte Increases Quantal
Amplitude via mGluRs
The requirement for mGluRs in transducing synaptic stimuli into
astrocyte Ca2+ signals prompted us to test the hypothesis that
direct activation of astrocytes with caged glutamate photolysis
would be sufficient to increase quantal synaptic current ampli-
tude in neighboring neurons. Astrocytes were either selected
based on their morphology visualized under IR-DIC optics
(Kang et al., 1998; Lin and Bergles, 2004) or selected based on
their uptake of SR-101 (Nimmerjahn et al., 2004) (Figure 3A).
For those selected via DIC, whole-cell patch-clamp recordings
(n = 24) confirmed they had a highly negative resting membrane
potential (76.3 ± 1.5 mV), a low input resistance (49.3 ±
10.1 MU), were unable to fire action potentials, and had a linear
IV relationship, consistent with the astrocyte cell type (Figure S1).
Repetitive uncaging of MNI-glutamate at 10 Hz for 5 s (Figure S2)
on an astrocyte soma that was located close to a voltage-
clamped MNC (10–80 mm) resulted in an increase in sEPSC
amplitude (115.2% ± 2.1%, n = 64, p < 0.0001, Figures 3B,
Neuron
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revealed two distinct populations: responsive neurons, in which
the amplitude distribution was significantly increased (123.5% ±
3.3%, n = 40, p < 0.0001, Figure 3F), and unresponsive neurons
(101.6% ± 1.7%, n = 24, p = 0.4, Figure 3F). The location of the
astrocyte relative to the neuron was recorded in 22 experiments
and revealed that as the distance between the two cells
increased, there was a decrease in the probability of observing
the plasticity (Figure 3D). These data indicated that the spatial
range for highest likelihood for inducing synaptic plasticity was
within a distance of 50 mm. This is consistent with our two-
photonMNI-glutamate uncaging and Ca2+ imaging, as the astro-
cyte Ca2+ signal spread an average distance of 50.18 ± 3.20 mm
(n = 18), ranging from 25.0 to 82.9 mm from the point of uncaging.
As a control, neither MNI-glutamate alone (97.0% ± 3.0%, n = 7,
p = 0.15, Figure 3F), nor the laser alone (101.8% ± 2.7%, n = 10,
p = 0.3, Figure 3F) affected sEPSC amplitude.
As photolyzed MNI-glutamate is free to diffuse in the extracel-
lular space and stimulate either the recorded neuron or nearby
neurons, we performed additional tests to support the role of
astrocytes in this effect. First, to guard against indirect neuronal
involvement, we repeated the experiment in the presence of
TTX to eliminate action potentials. Under these conditions, un-
caging glutamate on an astrocyte still increased synaptic efficacy
(114.9% ± 4.0%, n = 5, p = 0.02, Figures 3E and 3F). Second,
following the dehydration-induced withdrawal of glial processes
(see Experimental Procedures) (Miyata et al., 1994; Tweedle
and Hatton, 1977), glutamate uncaging on an astrocyte soma
failed to increase sEPSC amplitude (104.0 ± 3.7, n = 16, p = 0.3,
Figures 3G, 3H, and 3L), indicating that a close physical relation-
shipbetweenglial cell processes and synaptic elements is essen-
tial for the increase in synaptic strength. Third, we used fluoroci-
tric acid (FA, 100 mM) and examined whether the plasticity was
abated when astrocytes were metabolically compromised
(Clarke, 1991). Slices incubated in FA do not show changes
in the amplitude of spontaneous glutamate currents in PVN
(Gordon et al., 2005). In this condition, uncaging glutamate on an
astrocyte did not increase sEPSC amplitude (100.5 ± 3.4, n = 8,
p=0.3,Figures3G,3I, and3L), indicating that functional astrocyte
metabolism is essential for the synaptic plasticity observed.
Importantly, the proximity of the stimulated astrocyte soma to
the recorded neuron in these experiments was not different
(Figure 3G, compare with Figure 3D) than that reported above.
Figure 1. Synaptic Activity-Induced Astrocyte Ca2+ Correlates with
Plasticity
(A) Schematic of experiment.
(B) Voltage-clamp trace at 60 mV showing sEPSCs and afferent stimulation
protocol.
(C and D) Stack image showing astrocytes loaded with the Ca2+ indicator
Rhod-2/AM (red) and a whole-cell voltage-clamped magnocellular neuron
(green). Regions of interest (ROI) indicate astrocyte Ca2+ signal measure-
ments.
(E and F) Astrocyte Ca2+ signals in response to glutamatergic synaptic activity.
Only in (E) are astrocyte Ca2+ signals detected around the neuronal soma and
proximal dendrite.
(G and H) Voltage-clamp traces corresponding to the above experiments
showing sEPSCs before and after afferent stimulation.
(I and J) Cumulative sEPSC amplitude plot before and after afferent stimula-
tion. Average sEPSCs traces inset.
(K) Summary data of sEPSCs amplitude for experiments in which a rise in
astrocyte Ca2+ was detected around the neuron’s soma and/or proximal
dendrite.
(L) Summary data of sEPSCs amplitude for experiments in which there was no
rise in astrocyte Ca2+ around the neuronal soma and/or proximal dendrite.
Error bars represent the SEM.Neuron 64, 391–403, November 12, 2009 ª2009 Elsevier Inc. 393
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plasticity, we bath applied tACPD (100 mM). This elicited a similar
increase in sEPSC amplitude in MNCs (114.9% ± 3.1%, n = 3,
p = 0.025, Figures 3J and 3L). In support of this, photolysis of
caged glutamate on an astrocyte in the presence of MCPG failed
to affect sEPSC amplitude (101.5% ± 2.3%, n = 9, p = 0.4,
Figures 3K and 3L). These observations demonstrate that activa-
tion of astrocyte mGluRs is necessary and sufficient to increase
sEPSC amplitude on nearby MNCs.
Uncaging IP3 within an Astrocyte Increases mEPSC
Amplitude
Group I mGluRs increase free intracellular Ca2+ through the
generation of inositol 1,4,5-triphosphate (IP3), which triggers
Ca2+ release from internal stores by activating Ca2+-permeable
IP3 receptors. Although this Ca
2+ signal has been observed
extensively in astrocytes and is thought to be one of the primary
methods through which astrocytes sense and respond to
neuronal signals (Fiacco and McCarthy, 2006), recent demon-
strations using genetic tools to either mimic (Fiacco et al.,
Figure 2. The Increase in Quantal Ampli-
tude and Astrocyte Ca2+ Requires mGluRs
(A) sEPSC amplitude in response to glutamatergic
synaptic activity (1 s 10 Hz bursts at 0.2 Hz) in the
presence of the group I mGluR antagonist MCPG.
(B) Percent change in sEPSC amplitude from all
the afferent stimulation experiments showing
both individual experiments (scattered shapes)
and the average result (horizontal line).
(C) Summary of astrocyte Ca2+ signals from
somas and processes in response to synaptic
activity in the absence and presence of the group
I mGluR antagonist MCPG. Schematic of the
experiment inset.
(D) Pseudocolor images of Ca2+ signals in astro-
cytes before and during the group I/II mGluR
agonist tACPD. Ca2+ signal trace inset.
(E) (Left) Rhod-2 loaded astrocyte. (Right) Pseudo-
color images showing the increase in astrocyte
Ca2+ caused by uncaging MNI-glutamate.
(F) Astrocyte Ca2+ signals from uncaging gluta-
mate (left), uncaging in the presence of MCPG
(middle), and uncaging again after MCPGwashout
in the same cell.
(G) Summary data of astrocyte Ca2+ signals.
Error bars represent the SEM.
2007) or prevent (Petravicz et al., 2008)
IP3 signaling in astrocytes in the hippo-
campus has called into question whether
astrocytes can modulate neuronal func-
tion through this pathway. To test the
role of astrocyte IP3 in the plasticity we
described, we utilized a membrane-
permeable caged IP3 compound (NV-
IP3/AM) (Kantevari et al., 2006) and used
two-photon microscopy to photolyze IP3
within the volume of individual astrocytes
while measuring changes in the ampli-
tude of mEPSCs (TTX 1 mM) in a nearby MNC. Astrocytes were
loaded with Rhod-2 and with the IP3 cage. Neurons were visual-
ized with either Calcium Green-1 or Fluo-4 Ca2+ indicator via the
patch pipette. Photolysis of IP3 within a single astrocyte caused
a robust Ca2+ signal in the astrocyte soma (F/F0 = 158.9% ±
11.2%, n = 16, p < 0.0001, Figures 4A–4D) that was also
detected in the surrounding astrocyte processes (F/F0 = 147.8 ±
19.2, n = 12, p < 0.0001, Figures 4A–4D). Consistent with the
results from afferent stimulation, uncaging IP3 in an astrocyte
resulted in a rapid and long-lasting increase inmEPSC amplitude
(117.2% ± 4.1%, n = 11, p = 0.007, Figures 4G, 4H, and 4K) only
when an increase in Ca2+ was detected in the astrocyte pro-
cesses immediately adjacent to the neuronal soma and/or prox-
imal dendrite (Figures 4F and 4K). When astrocyte Ca2+ signals
failed to propagate to the region directly adjacent to the neuron
(Figure 4I), synaptic efficacy in the neuron did not change
(97.8% ± 1.1%, n = 13, p = 0.74, Figures 4J and 4K). The astro-
cyte Ca2+ signal around the neuron showed good correlation
with the expression of plasticity (r2 = 0.52, Figure 4L). As an
internal control to further support this relationship, we performed394 Neuron 64, 391–403, November 12, 2009 ª2009 Elsevier Inc.
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was in close proximity to one neuron and its dendrite but not
the other (Figure 5A). In the three pairs tested, we found that
astrocyte Ca2+ signals localized near the proximal neuron
(F/F0 = 152.4% ± 7.1%, Figures 5B and 5F) predicted plasticity
(125.6% ± 7.6%, Figures 5D–5F), whereas the absence of these
signals around the more distal neuron (F/F0 = 103.4% ± 1.4%,
Figure 5F) resulted in no change in mEPSC amplitude (97.72% ±
1.9%, Figures 5C and 5F), showing a strong correlation (r2 = 0.87,
Figure 5F). These data demonstrate that localized astrocyte Ca2+
signaling can predict whether synapses on nearby neurons
exhibit an enduring increase in synaptic efficacy and that IP3
signaling within an astrocyte is sufficient to induce this plasticity.
Astrocyte-to-Neuron Communication Requires ATP
MNCs express several types of purinergic P2X receptors,
including P2X7 (Loesch et al., 1999; Shibuya et al., 1999; Xiang
et al., 1998), the activation of which increases the amplitude of
mEPSCs in these neurons (Gordon et al., 2005). As ATP can
be released from hypothalamic glia in response to physiologi-
cally relevant stimuli (Gordon et al., 2005), we tested the hypoth-
esis that the release of ATP from astrocytes is an essential step in
the increase in quantal amplitude that we observe here by con-
ducting experiments in the presence of the purinergic P2
receptor antagonist PPADS (10–100 mM). This compound elimi-
nated the increase in synaptic efficacy in response to both gluta-
mate uncaging on an astrocyte (97.1% ± 3.0%, n = 8, p = 0.2,
Figures 6A and 6D) or IP3 uncaging within an astrocyte (95.7% ±
4.3%, n = 9, p = 0.33, Figures 6B–6D). By simultaneously
imaging Ca2+ changes in astrocytes, we were able to ask
whether the failure to increase synaptic efficacy may have
been due to changes in astrocyte Ca2+ signaling. In the presence
of PPADS, IP3 uncaging elicited a reliable Ca
2+ signal that spread
faithfully both to neighboring astrocytes and to the compart-
ments adjacent to the neuronal soma and proximal dendrite
(Figures 6E and 6F). Neither the increase in the Ca2+ signal (F/
F0 = 140.0% ± 5.0%, n = 5, Figure 6J) nor the number of astro-
cyte neighbors activated (2.8 ± 0.2 cells, n = 5, Figure 6I) in
PPADS were different from the control IP3 uncaging condition
(F/F0 = 148.9% ± 3.4%, n = 10, p = 0.2, Figure 6J) (3.0 ± 0.6 cells,
n = 10, p = 0.8, Figure 6I). These results demonstrate that the
release of astrocyte-derived ATP and the activation of neuronal
P2X receptors are responsible for the increase in EPSC ampli-
tude that accompanies a rise in astrocyte Ca2+ in compartments
directly adjacent to the neuron.
The Increase in Quantal Glutamate Transmission
Is Evident at All Synapses
Finally, we tested whether the increase in synaptic efficacy was
due to a distributed change in all the glutamate synapses on the
neuron by analyzing the sEPSC or mEPSC amplitude distribu-
tions in each cell before and after astrocyte activation. This
comparison allows for the examination of all detectable and
spontaneously active synapses and provides a readout of
distributed changes in synaptic efficacy (Turrigiano et al.,
1998). Using a ranked amplitude comparison, we determined
whether the increase in EPSC amplitudes in a given cell could
be best fit by multiplying the control values by an appropriatefactor (termed ‘‘multiplicative scaling’’) or by adding an appro-
priate value (termed ‘‘additive scaling’’) (Turrigiano et al., 1998)
(Figure 7A). This analysis was conducted for all cells in which
EPSC amplitude was increased significantly following astrocyte
activation. For the MNI-glutamate uncaging experiments, multi-
plicative scaling of the control distribution yielded a significantly
better fit than additive scaling in 31 of 40 cells (78% of experi-
ments, single example in Figure 7A). Multiplying the slope value
of this fit to all the raw amplitude values in control resulted in
a cumulative distribution that was identical to the post uncaging
distribution (Figure 7B, p = 0.51), suggesting that all sponta-
neous currents increased in strength by the same proportion.
This was observed for all treatments in which astrocytes were
activated, including patterned synaptic activity of glutamatergic
afferents (n = 5 of 6, 83% of experiments, Figures 7C and 7D),
glutamate uncaging on an astrocyte in TTX (n = 4 of 5, 80% of
experiments, Figures 7D and S3B), and IP3 uncaging within an
astrocyte (n = 9 of 11, 82% of experiments, Figures 7D and
S3C). These data support the conclusion that in the majority of
our experiments, all active glutamate synapses within one
MNC are scaled multiplicatively in response to astrocyte activa-
tion. See Figure S3A for a representative cumulative distribution
plot for experiments in which the increase in sEPSC amplitude
was neither multiplicative nor additive.
DISCUSSION
Here we provide evidence for a novel form of plasticity at central
glutamatergic synapses. This plasticity is feed-forward but not
synapse specific and requires astrocytes to transduce patterned
afferent activity into compartmentalized Ca2+ signals that drive
the release of the gliotransmitter ATP. ATP acts on the postsyn-
aptic neuron to scale glutamate synapses in a distributed and
multiplicative fashion. This plasticity occurs within minutes of
either afferent stimulation or direct astrocyte activation, but is
long-lasting, persisting for upward of 45 min after induction.
These observations provide a number of new insights that
expand our current understanding of astrocyte-synapse com-
munication. Of primary importance is the observation that astro-
cytes faithfully transduce patterns of afferent neural activity into
an increase in synaptic strength. Both in the case of synaptic
activity and more direct activation using uncaging techniques it
is clear that a rise in Ca2+ in the astrocyte compartments (likely
fine processes), which are immediately adjacent to the postsyn-
aptic neuron, is necessary for the increase in synaptic efficacy.
This is supported by dual MNC recording experiments in which
only the neuron closely associated with the astrocyte Ca2+ signal
exhibits synaptic scaling and is further underscored by the
observations that a withdrawal of astrocyte processes from
synaptic spaces following dehydration (Miyata et al., 1994;
Tweedle and Hatton, 1977) completely mitigates the increase
in synaptic strength in response to caged-glutamate photolysis
on an astrocyte. These observations indicate that while Ca2+
signaling in the astrocyte processes directly apposed to syn-
apses is crucial for plasticity, signals in the astrocyte soma alone
are insufficient. This implies a compartmentalization of astrocyte
Ca2+ signals and is consistent with previous observations using
afferent activity or uncaging to generate microdomains ofNeuron 64, 391–403, November 12, 2009 ª2009 Elsevier Inc. 395
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(A) (Top) Schematic of experiment. (Bottom) Astrocytes loaded with Sr-R101 combinedwith DIC image of patched neuron; two examples showing different astro-
cyte-to-neuron distances.
(B) Uncaging MNI-glutamate on an astrocyte causes an increase in sEPSC amplitude in a nearby neuron.
(C) (Left) Cumulative sEPSC amplitude plot and (right) sEPSC traces (raw events, light gray; averaged events, black) from before and 20–30 min after glutamate
uncaging, same experiment as (B).
(D) (Left) Location of astrocytes that received glutamate uncaging in relation to the recorded neuron (center). Green indicates an increase in sEPSC amplitude and
red indicates that sEPSC amplitude did not change. (Right) Histogram of the same data.396 Neuron 64, 391–403, November 12, 2009 ª2009 Elsevier Inc.
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1997), but ours is the first demonstration linking these regional
signals with changes in synaptic function. Our findings are
(E) Average mEPSC traces before and after glutamate uncaging on an astrocyte in TTX.
(F) Summary data, including uncaging control experiments.
(G) The same glutamate uncaging experiment shown in (A)–(D) but performed either on slices taken from a dehydrated animal or on slices treatedwith the gliotoxin
fluorocitric acid (FA).
(H and I) Cumulative sEPSC amplitude plots and inset averaged traces showing before and after glutamate uncaging on an astrocyte in dehydration (H) or during
FA (I).
(J and K) Cumulative sEPSC amplitude plots and inset averaged traces showing before and after tACPD (J) or glutamate uncaging on an astrocyte in the presence
of MCPG (K).
(L) Summary data.
Error bars represent the SEM.
Figure 4. Uncaging IP3 within an Astrocyte
Increases mEPSC Amplitude
(A) (Left) Rhod-2/AM and caged NV-IP3/AM
loaded astrocyte and ROIs.
(B) Pseudocolor images of Ca2+ signals from the
soma and in the surrounding astrocyte processes
caused by uncaging IP3 in the soma.
(C) Astrocyte Ca2+ signals from the ROIs shown
in (A).
(D) Summary of the astrocyte Ca2+ signal in
response to uncaging IP3 from the soma (left)
and from the processes (right).
(E) Schematic of the experiment.
(F) (Left) A stack image showing a patched neuron
(green) and astrocytes loaded with Rhod-2/AM
and caged NV-IP3/AM (red). (Right) Ca
2+ signals in
region 2 in response to uncaging IP3 in astrocyte 1.
(G) Cumulative mEPSC amplitude plot before and
after uncaging IP3 in 1. Averaged mEPSC traces
inset.
(H) mEPSC amplitude over time after uncaging
IP3 in 1.
(I) (Left) Pseudocolor images showing IP3 uncag-
ing in 1 without an elevation in astrocyte Ca2+ in
region 2. (Right) Corresponding Ca2+ signals.
(J) mEPSC amplitude over time from the same
experiment.
(K) Summary data showing that mEPSC amplitude
increases only when astrocyte Ca2+ increases
around the neuronal soma and/or proximal
dendrite.
(L) The astrocyte Ca2+ signal around the neuron
correlates well with synaptic plasticity.
Error bars represent the SEM.
consistent with reports showing that acti-
vation of astrocytes can impact synaptic
strength (Gordon et al., 2005; Jourdain
et al., 2007; Panatier et al., 2006; Perea
and Araque, 2007). These findings are
somewhat at odds with a recent demon-
stration in the hippocampus where acti-
vation of astrocyte Ca2+ signals via a
nonnative Gq-protein coupled receptor
(MrgA1) failed to have any effect on
synaptic efficacy (Fiacco et al., 2007).
However, astrocyte Ca2+ elevations trig-
gered by either P2Y1 or PAR1 receptor activation, which
generate Ca2+ signals that appear similar, have dramatically
different outcomes for the neuron (Shigetomi et al., 2008). ThisNeuron 64, 391–403, November 12, 2009 ª2009 Elsevier Inc. 397
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explaining the lack of effect by the foreign MrgA1 receptors as
they may not couple to appropriate downstream second
messengers or may not be distributed in the spatial configuration
necessary to influence synapses. These current findings should
help quell the debate over the role of astrocyte Ca2+ signals and
their impact on synaptic function/plasticity (Agulhon et al., 2008).
Importantly, the distributed plasticity seen here occurs in
response to electrical stimulation of afferents that mimic in vivo
firing patterns exhibited by neurons in the SFO (Washburn
et al., 2000), which project to and excite MNCs (Ferguson
et al., 1984; Ferguson and Kasting, 1986). Since SFO neurons
continually relay information regarding the plasma Na+ concen-
tration, one possibility is that the plasticity we describe ensures
an appropriate level of synaptic strength, allowing the system to
maintain a vigilant state. Our model suggests that repetitive acti-
vation of excitatory afferents releases glutamate which in turn
activates mGluRs on nearby glial processes. Group I mGluRs
via PLC generate intracellular IP3, elicit a rise in astrocyte Ca
2+,
and trigger the release of ATP, which acts on postsynaptic puri-
nergic receptors to scale glutamate synapses. We observed that
scaling was induced more quickly in response to afferent stimu-
lation than following uncaging of MNI-glutamate on an astrocyte
soma. There are two possible explanations for this discrepancy.
First, the activation of mGluRs and the resultant release of astro-
cyte ATP may not be identical in these disparate conditions.
Synaptically released glutamate may have rapid and preferential
access to astrocyte fine processes leading to a high concentra-
tion of extracellular glutamate at its site of action and faster
more robust release of ATP from the astrocyte compared to
that achieved from uncaging. Photolysis essentially recruits
the astrocyte in a ‘‘reverse’’ manner, where a Ca2+ signal from
the astrocyte soma must propagate to the fine processes
Figure 5. The Plasticity Is Associated with
a Localized Rise in Astrocyte Ca2+
(A) Schematic of experiment inset. (Left) A stack
image showing a dual neuron recording (green)
with surrounding astrocytes loaded with Rhod-2/
AM and caged IP3/AM (red). (Right) Close up
shows the dendrite of neuron 2 and the closely
associated astrocyte to be activated.
(B) Pseudocolor images of Ca2+ increases in this
astrocyte from IP3 uncaging.
(C and D) Uncaging IP3 within this astrocyte fails to
induce plasticity in the more distant neuron 1 (C)
but does increase mEPSC amplitude in the closer
neuron 2 (D).
(E) The cumulative amplitude distribution from
neuron 2.
(F) Strong correlation between the astrocyte Ca2+
signal localized to only one neuron in a paired
neuron recording and the expression of plasticity.
Error bars represent the SEM.
surrounding the neuron before ATP can
be released to have its action on postsyn-
aptic P2X receptors. Second, the activa-
tion of astrocytes in response to uncaging
displays time variability from stochastic properties. For example,
previous demonstrations of astrocyte-neuron interactions
utilizing Ca2+ uncaging in the examination of slow inward
currents (SICs) revealed a variable latency from the time of the
stimulus to the SIC (6 s to 20 s) (Fellin et al., 2004), which should
not be explained by the distance between the astrocyte and the
neuron due to the speed at which Ca2+ waves propagate (New-
man, 2001). Importantly though, despite the different protocols
used here, the plasticity is always long lasting, sensitive to
mGluR blockade, and is multiplicative and distributed in nature.
Many studies support an important role for IP3-mediated Ca
2+
signals in astrocytes (for review see Fiacco and McCarthy, 2006;
Scemes and Giaume, 2006). At present, the release of ATP from
astrocytes is controversial, potentially arising from several
routes, including connexin hemichannels (Cotrina et al., 1998,
2000), anion-permeable channels (Anderson et al., 2004),
MRP1 transporters (Darby et al., 2003), P2X channels (Duan
and Neary, 2006), or via vesicle fusion (Bal-Price et al., 2002;
Coco et al., 2003), with the most convincing experiments per-
formed in situ and in vivo utilizing the conditional expression of
a dominant-negative SNARE protein (Halassa et al., 2009; Pasc-
ual et al., 2005). In other cell types, IP3 itself has been shown to
evoke ATP release (Braet et al., 2003a, 2003b), supporting our
data in which photolysis of caged-IP3 quickly induces a purino-
ceptor-dependent increase in quantal glutamate transmission.
We have previously shown that ATP-induced increases in
synaptic strength in MNCs require the activation of P2X7 recep-
tors and the insertion of synaptic AMPA receptors (Gordon et al.,
2005). Due to purinoceptor sensitivity and the enduring nature
of the effect observed here, we propose a similar mechanism
is at work.
The plasticity we have described is, to our knowledge, the first
description of a feed-forward distributed strengthening of central398 Neuron 64, 391–403, November 12, 2009 ª2009 Elsevier Inc.
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Astrocyte-Mediated Scaling of Glutamate SynapsesFigure 6. Astrocyte-to-Neuron Communication Requires ATP
(A and B) Cumulative event amplitude plots and inset synaptic current traces showing that the plasticity observed in response to either glutamate uncaging on an
astrocyte (A) or IP3 uncaging within an astrocyte (B) is prevented by the P2 antagonist PPADS.
(C) Running mEPSC amplitude summary of astrocyte IP3 uncaging in PPADS.
(D) Summary data.
(E) PPADS does not affect astrocyte Ca2+ signals. (Left) Stack image showing a patched neuron (green) and astrocytes loadedwith Rhod-2/AMand caged IP3/AM
(red). (Right) Pseudocolor images of Ca2+ increases in response to uncaging IP3 within astrocyte 1; increases were observed in astrocyte processes around the
neuron (2 and 3) and in neighboring astrocytes (4 and 5) in the presence of PPADS. Same experiment as (B).
(F) Corresponding Ca2+ signal traces.
(G) Astrocytes loaded with Rhod-2/AM and caged IP3/AM.
(H) Spread of the astrocyte Ca2+ signal in response to uncaging IP3 under control conditions.
(I and J) Summary data comparing neighboring astrocyte Ca2+ signals in response to IP3 uncaging in the presence and absence of PPADS.
Error bars represent the SEM.Neuron 64, 391–403, November 12, 2009 ª2009 Elsevier Inc. 399
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Astrocyte-Mediated Scaling of Glutamate SynapsesFigure 7. Astrocytes Induce a Distributed and Proportional Plasticity across Many Synapses
(A) Comparison of ranked sEPSC amplitudes in control (solid black line) versus the same number of ranked sEPSC amplitudes taken post astrocyte activation
(diamonds) showing the good linear fit of a multiplicative value (green line; all event amplitudes multiplied by a single factor) and the poor linear fit of two different
additive values (dashed lines; addition of a single value for all event amplitudes).
(B) (Left) Representative cumulative amplitude distribution of sEPSCs showing a rightward shift toward larger events in response to astrocyte activation by gluta-
mate uncaging. (Right) Multiplying all control values by the same factor results in a distribution that is superimposable with the distribution after astrocyte acti-
vation, showing that all synaptic events increase by the same proportion. The same multiplicative increase of sEPSC amplitude was observed in response to
localized afferent stimulation (C), glutamate uncaging on an astrocyte in TTX (D), and IP3 uncaging within an astrocyte (D).
(D) Summary data displaying the percentage of experiments showing multiplicative versus nonmultiplicative increases in synaptic current amplitude for all treat-
ments.glutamatergic synapses by multiplicative scaling. Other astro-
cyte mediated feed-forward effects observed in the hippo-
campus involve the release of astrocyte glutamate, causing an
increase in presynaptic release probability mediated by mGluRs
(Fiacco andMcCarthy, 2004; Perea and Araque, 2007) or kainate
receptors (Liu et al., 2004). Studies of heterosynaptic depression
have demonstrated that astrocyte-derived adenosine acts in
a feedback manner to affect distant unstimulated synapses
(Pascual et al., 2005; Serrano et al., 2006; Zhang et al., 2003).
The synaptic scaling described in this study occurs an order of
magnitude faster than any previous reports of multiplicative
increase of synaptic strength (minutes, rather than hours or
days) (Turrigiano et al., 1998). Glial cells have been invoked in
slow forms of feed-back homeostatic scaling, and while we
have not examined the contributions of a slow transmitter such
as TNF-a (Beattie et al., 2002; Stellwagen and Malenka, 2006),
we do not envision a similar mechanism here because of the
ordinate difference in time scales and because our effect relies
on ATP gliotransmission. What is not yet understood is how
increases in Ca2+ in small subcompartments of an astrocyte
translate into changes in the efficacy of all synapses on a nearby
neuron. The most plausible explanation at this stage is that the
activation of postsynaptic P2X7 receptors is sufficient to
generate a plasticity signal that propagates through the dendritic
tree. This would be consistent with recent reports demonstrating400 Neuron 64, 391–403, November 12, 2009 ª2009 Elsevier Inc.that if recruitment of synapses is sufficiently robust, this gener-
ates postsynaptic intracellular signals that can propagate to
many (Harvey et al., 2008) or all synapses (Rose et al., 2009).
By increasing the strength of all synapses, this feed-forward
plasticity increases the probability that a given stimulus will
successfully initiate firing. As MNCs are noted for their ability
to undergo population-wide bursting activity (Belin et al., 1984;
Wakerley et al., 1978), such a plasticity mechanism could
enhance population neuronal excitability and potentially facili-
tate the entrainment of synchronous activity between MNCs
that were previously operating independently, to ultimatelymaxi-
mize the release of neurohormone into the blood. Although very
effective for amplifying excitatory signals, the model we propose
here would create a feed-forward loop prone to instability.
Therefore, we propose that these autonomic circuits likely
possess additional means by which they undergo a resetting of
synaptic strength for the continued survival of the organism.
EXPERIMENTAL PROCEDURES
Slice Preparation
Hypothalamic coronal slices were prepared as described previously (Gordon
et al., 2005) using male Sprague-Dawley rats (p16–28). Rats that underwent
dehydration were subjected to 4–7 days of a 2% NaCl water source until
experimentation. Care and use of animals was approved by the University of
Calgary and University of British Colombia Animal Care and Use Committee.
Neuron
Astrocyte-Mediated Scaling of Glutamate SynapsesSlicing solution contained (in mM) NaCl 87; KCl, 2.5; NaHCO3, 25; CaCl2, 0.5;
MgCl2, 7; NaH2PO4, 1.25; glucose, 25; sucrose, 75; saturatedwith 95%O2/5%
CO2. Slices were incubated at 32.5
C in artificial cerebrospinal fluid (ACSF)
containing (in mM) NaCl, 126; KCl, 2.5; NaHCO3, 26; CaCl2, 1.5; MgCl2, 1.5;
NaH2PO4, 1.25; glucose, 10; saturated with 95% O2/5%CO2 for a minimum
of 60 min.
Electrophysiology
Whole-cell recordings were obtained from MNCs confirmed as described
previously (Tasker and Dudek, 1991). Throughout all whole-cell recordings,
access resistance was closely monitored at 3 min intervals to ensure that
this parameter did not exceed changes greater than 15%. When this criterion
is met, sEPSCs and mEPSCs remain at constant amplitude for the duration of
the recording. Experimental recordings were obtained at 32.5C. The neuron
was continually voltage clamped at 60 mV throughout all experiments. The
intracellular solution contained (in mM) potassium gluconate, 108; KCl, 8;
sodium gluconate, 8; MgCl2, 2; HEPES, 10; potassium EGTA, 1; potassium
ATP, 4; and sodium GTP, 0.3; pH 7.2 with KOH. The perfusate always con-
tained picrotoxin (100 mM), to block GABAA channels. Afferent stimulation
was performed with a monopolar stimulating electrode with a tip resistance
of 5 MU, positioned 50 mm from the neuronal soma and/or proximal
dendrite. Voltage pulseswere delivered to the neuropil with aGrass S88X stim-
ulator using a minimal stimulation of 10 V, which evoked reliable astrocyte
Ca2+ signals under control conditions.
Imaging and Uncaging
Experiments not requiring fluorescence imaging utilized an upright Zeiss Axio-
scope fitted with IR-DIC capabilities for light-guided whole-cell recordings.
Fluorescence imaging and uncaging utilized a two-photon laser-scanning
Zeiss LSM510-Axioskop-2 fitted with a 40X-W/1.00 numerical aperture objec-
tive lens that was directly coupled to a Chameleon Ultra2 ultra-fast laser
(100 fs pulses, 76 MHz, Coherent), which provided excitation of Rhod-2/
AM and was used for uncaging. Images were acquired between 40 and
70 mm deep into the slice. Rhod-2 and either Fluo-4 or Calcium Green-1
were excited at 835 nm (4 mW after the objective), and the fluorescence
from each fluorophore was split using a dichroic mirror at 560 nm, and the
signals were each detected with a dedicated PMT after passing through an
appropriate emission filter (Rhod-2: 605 nm, 55 nm band-pass; Fluo-4 or
Calcium Green-1: 525 nm, 50 nm band-pass). The speed of image acquisition
(see below) and the area scanned (150 mm2) was optimized for astrocyte
Ca2+ signals. This prevented us from being able to capture fluorescence
signals originating in dendrites, which can occur over much faster time scales,
typically less than a second. For experiments in the absence of a green dye, no
dichroic mirror or emission filter was used to detect the Rhod-2 signal. For un-
caging, the laser was tuned to 730 nm, which also excites rhod-2 (Xu et al.,
1996). The laser power was carefully increased until a Ca2+ signal, character-
istic of internal release, occurred within astrocytes. The uncaging area
received 25 scanning iterations at the lowest laser intensity possible
(40–48 mW after the objective). Based on the pixel dwell time (0.91–1.29 ms)
and the area scanned (25 mm2), the uncaging process took 8 ms to
complete. The nonlinearity of two-photon microscopy (Denk, 1994) ensured
no uncaging occurred during Rhod-2 excitation. For two-photon photolysis
ofMNI-glutamate, the cagewas applied through a hand-pressure puffing elec-
trode connected to a manometer to ensure constant pressure. The puffing tip
was positioned 40 mm above the slice. The uncaging region of interest was
positioned within 5 mm of the glia soma.
AM Compound Loading
For experiments in which astrocytes were loaded with AM-conjugated mole-
cules, subsequent to post slicing incubation, slices were transferred to a
3 ml ACSF well containing NV-IP3/AM (10 mM) and/or Rhod-2/AM (10 mM)
(Molecular Probes) dissolved in DMSO (final DMSO concentration 0.1%) for
1.5 hr, which received continuous but very fine carbogen bubbling. Slices were
then transferred to a large recovery chamber for at least 20 min before exper-
imentation. These experiments utilized male Sprague-Dawley rats (p17–21).
UV MNI-Glutamate Uncaging
MNI was applied through a pipette (5 MU) at 5–10 psi by a Picospritzer 2
(General Valve Corporation) over the area of interest for 5–10 s. The pipettetip was positioned 40 mm from the laser spot just above the slice. UV pulses
(20 ns, 353 nm, 10 mm diameter, Rapp Optoelectronic UVILA) digitally trig-
gered at 5–10 Hz for 5–10 s commenced immediately after cessation of picos-
pritzer pulse to ensure the ejection pressure did not push free glutamate to
distant locations. Utilizing this method, we estimate that the spatial selectivity
of uncaging is20–25 mm in the x and y (see Figure S1). Antagonists were both
bath applied and included in the MNI pipette tip.
Data Collection, Analysis, and Statistics
Electrophysiological signals were amplified with theMulticlamp 700B amplifier
(Axon Instruments, Foster City, CA), low-pass filtered at 1 kHz, and digitized at
10 kHz using the Digidata 1322 (Axon Instruments). Data were collected
(pClamp, version 9.2; Axon Instruments) and stored on computer for offline
analysis using software designed to detect miniature synaptic events using
a variable threshold (MiniAnalysis; Synaptosoft, Decatur, GA). To ascertain
how often the scaling effect was observed, we determined whether or not
a significant increase in synaptic current amplitude occurred for each MNC
using a Kolmogorov-Smirnov Test (K-S stat). An increase in synaptic current
amplitudewas deemedmultiplicative if the resulting scaled control distribution
was not different from the treatment distribution by a K-S stat p > 0.05.
Fluorescence signals were defined as F/F0 (%) = [(F1 – B1)/(F0 – B0)] 3 100,
where F1 and F0 are fluorescence at a given time and the control period mean,
respectively. B1 and B0 are the corresponding background fluorescence
signals. Background values were taken from the darkest region of a uniformly
illuminated field located at least 20 mm from the areas of interest. Pseudocolor
images depicting absolute changes in Rhod-2 fluorescence were generated
by ImageJ using a 16 color linear LUT. An image was comprised of 512 3
512 pixels and was collected in 393.2–983.4 ms (depending on digital zoom
factor) and either 4 or 8 line averaging was used to reduce the laser power.
Experimental values are the mean ± SEM; baseline equals 100%; n is the
number of experiments conducted. For treatment comparisons, all n were
utilized, not just the responders or nonresponders. Statistical tests were either
a two-tailed Student’s t test or an ANOVAwith a Neumann-Keuls post-hoc test
for comparison between multiple groups. p < 0.05 was accepted as statisti-
cally significant (*p < 0.05, **p < 0.01).
SUPPLEMENTAL DATA
Supplemental Data include three figures and can be found with this article
online at http://www.cell.com/neuron/supplemental/S0896-6273(09)00851-4.
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